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Expanding Fish Health Capabilities with Quantitative
Polymerase Chain Reaction (QPCR)

This report describes recent advancements in the field of biotechnology, specifically in the
technique termed Quantitative Polymerase Chain Reaction (QPCR). The purpose of this report is to
illustrate how this molecular tool could be employed by the U.S. Fish and Wildlife Service’s Fish
Health Centers to further advance scientific understanding and applied research in detecting,
controlling and managing fish diseases in hatchery and wild fish populations.

“ PCR has transformed molecular biology through vastly extending the capability to
identify, manipulate and reproduce DNA.
It makes abundant what was once scarce — the genetic material required for

experimentations.”
- Paul Rabinow  Berkeley, California
Making PCR, A Story of Biotechnology. Univ. of Chicago Press, 1996

Introduction: What is the Polymerase Chain Reaction or PCR?

Polymerase Chain Reaction (PCR) is a technique which amplifies a specific region, or sequence, of
DNA in order to produce enough DNA to be detectable and/or further studied. PCR is commonly
used in the fields of genetics and forensic science to identify animal species or individual humans
by identifying their unique genetic code. In pharmacogenomic studies, PCR is used to discern
normal gene function in the presence or absence of pharmaceutical compounds to determine the
effects these compounds have on normal and abnormal cell functions. PCR is currently used in fish
health, with a very high level of sensitivity and specificity, to detect disease-causing viruses,
bacteria and/or parasites.

The PCR technique relies on a thermal-stable enzyme called DNA polymerase. Polymerase is a
naturally occurring enzyme that catalyzes the formation and repair of DNA and RNA. The accurate
replication of all living matter depends on the activity of this enzyme as DNA and/or RNA is the
genetic blueprint for all subsequent structures and molecules that make up an individual organism.

In 1980 Kary Mullis at Cetus Corporation conceived of a way to start and stop a polymerase’s
action at specific points along a single strand of DNA, which allowed replication of a specific
sequence of DNA, or ‘target’ DNA. When this step is repeated over and over again, millions of
copies of the DNA can be formed. Mullis was awarded the Nobel Prize in Chemistry in 1993,
however many others were instrumental in further developing the actual techniques which
transformed the concept presented by Mullis into a feasible laboratory application.
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When PCR and the polymerase enzyme that it employs were named “Molecule of the Year” in
1989, the editor of Science, Daniel Koshland Jr., provided a succinct explanation of PCR. He
wrote:

“The starting material for PCR, the ‘target sequence’ is a gene or segment of DNA. In a
matter of hours, this target sequence can be amplified a million fold. The complementary
strands of a double-stranded molecule of DNA are separated by heating. Two small pieces
of synthetic DNA, each complementing a specific sequence at one end of the target
sequence, serve as primers. Each primer binds to its complementary sequence.
Polymerases start at each primer and copy the sequence of that strand. Within a short time,
exact replicas of the target sequence have been produced. In subsequent cycles, double-
stranded molecules of both the original DNA and the copies are separated; primers bind
again to complementary sequences and the polymerase replicates them. At the end of many
cycles, the pool is greatly enriched in the small pieces of DNA that have the target
sequences, and this amplified genetic information is then available for further analysis.”

Since the early inception and manipulations with PCR, scientists have learned to successfully
manipulate DNA creating an immensely powerful tool that provides essentially unlimited quantities
of the precise genetic material molecular biologists require to study genetics and a vast array of
related fields such as molecular biology, immunology, epidemiology, pathology and pharmacology.

“The versatility of the techniques is astounding and scientists have produced new uses with
stunning regularity. In less than a decade, PCR has simultaneously become an absolute
routine component of practically every molecular biological laboratory and a constantly
changing tool whose potential has shown no signs of leveling off.” — Paul Rabinow, 1998

How is PCR currently utilized in the field of Fish Health Management ?

PCR has been employed by the U.S. Fish and Wildlife Service’s nine Fish Health Centers since the
mid-90s. This technology was transferred to Fish Health Centers when they embarked on the
National Wild Fish Health Survey (Survey) in 1994. The Survey was undertaken to determine the
prevalence and distribution of fish pathogens in wild fish populations and gain a better
understanding of disease processing in fish species. PCR was chosen as a collaborative testing
technique because of the tremendous sensitivity this technique offered at that time.

Traditionally, pathogens infecting fish have been detected by standard microbiological techniques
such as direct observation with a microscope, culture of bacterial organisms on selective growth
media, or culture of viruses in specialized cell cultures that support replication of viral agents. All of
these methods are valid approaches to detecting pathogens, however the organisms must be present
in fairly large numbers in the fish host in order to detect them with standard microbiological
methods. These detection methods work well when fish are actively infected by a pathogen,
however they simply do not offer the sensitivity needed to detect pathogens if they occur at very
low numbers in the environment or the fish host. This often is the case in latent infections, or
during the initial onset of disease. The ability to detect pathogens early in the infectious process is
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important to effectively control and manage fish diseases in both hatchery settings and in wild fish
populations.

Therefore PCR was selected as collaborative pathogen detection tool in the National Wild Fish
Health Survey because it offered the greatest sensitivity (the ability to detect pathogens at very low
levels) of all available detection methods. PCR also offered very high specificity — the ability to
identify the unique genetic sequence of a particular pathogen. However, because PCR was a newly
emerging technique at that time, and had not been validated as a primary detection method in the
field of fish health, it was only employed to confirm the identification of an organism after it was
detected by standard, or more traditional methods. Pathogens that are detected using standard assay
methods are further tested with PCR to collaborate the fish health findings of the Survey.

The potential for PCR technology as an initial screening tool, or diagnostic test, has advanced
significantly since the initial use in the National Wild Fish Health Survey. Several researchers,
universities, and commercial laboratories are using PCR to detect fish pathogens with tremendous
sensitivity and success. For example, PCR can detect bacteria, viruses or parasites when as few as
10-40 organisms exist in the fish sample. This technological advance in detection sensitivity has
allowed users to detect bacterial, parasitic and viral pathogens that normally would go undetected
by traditional testing methods.

Because fish can often be carriers of a pathogen such as a virus or bacteria, yet show no external or
clinical signs of disease, PCR is also a valuable tool to detect “low level” or sub clinical infections
in both hatchery and wild fish populations. The larger application of PCR in fish health detection
and research has occurred with the myxosporidean parasite, Myxobolus cerebralis, which causes
Whirling Disease in trout species in the Northwest and Intermountain states. PCR has also been
very effective in detecting other significant fish pathogens, such as infectious hematopoietic
necrosis virus (IHNV), and the bacteria Renibacterium salmoninarum which causes Bacterial
Kidney Disease (BKD).

While PCR offers much greater sensitivity and specificity than traditional detection methods, the
disadvantage of this molecular tool is the fact that it is a qualitative detection method only, meaning
that the assay tells one whether or not the specific target DNA is present in the sample, but it does
not provide any information about the quantity of the DNA or the infection level of the pathogen in
the fish host. So the answer obtained with standard PCR is a “yes” or “no” to the question of
pathogen presence.

In disease management, most often we need to understand the severity of an infection in order to
provide an appropriate response that addresses the level of biological risk to the population. For
example, the biological significance of a pathogen is related to several factors including the severity
of infection, the health of the fish host and its ability to tolerate the infection, and the long-term
effects on normal function and ultimately long-term survival. The fish health biologist needs to
know the severity of the infection to assess the overall impacts to the health of individual fish or a
population of fish. A detection method that is qualitative only, such as PCR, does not provide this
information.
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Recent advancements in PCR technologies and the systems used to perform PCR assays have now
developed a quantitative capability. Quantitative PCR (QPCR) or “real-time” PCR has emerged as
the next level of technological advancement in the field of biotechnology. With QPCR, fish health
centers would be able to address these biological questions more thoroughly, assess the risks to
populations more effectively, and address many current and future health management issues.

What are the recent technological advancements in PCR and
what benefits do they provide?

In the standard PCR technique, an instrument called a thermocycler is used to amplify the target
sequence of DNA. As explained previously, heat separates the double-stranded DNA and allows
the primers to attach and then copy the target DNA sequence. In the first cycle 2 copies of DNA are
made from each double-stranded DNA present in the sample. In the second cycle 4 copies are made,
then 8, etc. so that the copying, or amplification, proceeds in an exponential manner. This
amplification process creates millions of copies of the exact target DNA sequence in a matter of a
few hours. When the amplification process is complete, the vast majority of DNA in the sample is
the target DNA and therefore the same size or base pair length.

Once the DNA is synthesized, it is visualized by loading a sample onto an agarose gel and an
electric current is applied. DNA moves through the semi-solid gel matrix based on the size of the
DNA sequence. On the electrophoretic gel, the DNA migrates according to its sequence size and
is then stained with a dye so that the DNA bands are visible under ultra-violet light. Size standards
(DNA markers) are run on the gel alongside the test sample to provide references to compare the
size of the target DNA produced during amplification.

While some techniques do exist to remove and quantify the amount of DNA from a gel, they are
very labor intensive, not always accurate, and not practical to employ for any significant number of
samples. As discussed above, the information provided by PCR on an agarose gel is qualitative
only, meaning the test detects the target DNA if it is present in the sample, i.e., we visualize a band
of the appropriate molecular weight to confirm that the specific DNA was produced in the PCR
process. However, standard PCR does not tell us how much target DNA was present in the fish
tissue.

In Quantitative PCR, on the other hand, the amplification and quantitation of the DNA is performed
in a single instrument in either a plate format or in a small tube. This eliminates the need for
electrophoretic gels entirely and more importantly provides an accurate measure of the amount of
target DNA that is present in the fish sample. In terms of the biological significance of the
pathogen infection, this very important and obviously much more useful than the information
obtained with standard PCR. QPCR not only tells us that the pathogen is present, it tells us exactly
how much of the pathogen is present in an individual fish (such as important broodfish), or in a
stock of fish such as a hatchery or wild fish population.
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What are the molecular mechanisms and technology used
in Quantitative PCR ?

There have been various approaches used by different biotechnology companies in developing
Real-Time or Quantitative PCR, however only the two predominant technologies will be described
in this report.

In general, the newest generation of PCR instruments and reagents allows the simultaneous
amplification and quantification of specific DNA sequences in a single instrument. These
instruments detect the DNA generated within the PCR process on a cycle-by-cycle basis. The fewer
cycles it takes to reach a detectable threshold level of DNA, the more target DNA there was in the
test sample to begin with. This technique and the concurrent analysis are referred to as “real-time”
or “kinetic” PCR because the reactions can be monitored as they occur and the number or copies of
the target DNA are reported instantaneously.

Other types of competitive PCR assays have been developed and are described in the literature as
quantitative PCR because they measure the amount of DNA produced. They accomplish this by
referencing another similar target that is produced simultaneously. However for the purpose of this
report, QPCR or real-time PCR are used interchangeably and refer specifically to the protocols used
in the newly developed instruments that are fluorescence-detecting thermocyclers. These machines
amplify DNA in the same manner as a standard thermocycler, but also allow quantification of the
DNA using fluorescent probes. It is the development of these instruments and the fluorescent
probes that they employ that have made quantitative PCR possible in the clinical laboratory. The
QPCR assay is highly sensitivity, specificity and efficient as it quantitatively analyzes multiple
samples.

More specifically, in real-time PCR a signal (generally fluorescence) is monitored as it is
generated, then tracked as it rises above background levels until the reaction reaches a threshold.
Initial template levels can be calculated by analyzing the shape of the curve or by determining when
the signal rises above the threshold value. Several different fluorescent probes are used in real-time
PCR, some bind to double-stranded DNA while others use target sequence-specific reagents such as
exonucleases, hybridization probes, or molecular beacons (hairpin probes).

Although more expensive, probes that are sequence-specific add specificity to the assay and also
enable multiplexing applications. Multiplexing is the ability to track and measure more than one
fluorescent probe simultaneously, thus allowing more than one DNA sequence to be monitored and
quantified concurrently. Only sequence-specific probes will be discussed as they are the most
specific and commonly used fluorescent probes. A brief synopsis of the two technological advances
in instrumentation and systems, and the fluorescent probes they use are described below.

The first commercially available fluorescence-detecting thermocycler was the Prism 7700™
(Perkin-Elmer/Applied Biosystems). This instrument transmits laser light to each well of a 96-well
plate and detects the fluorescence emitted by each well in return. The fluorescence is spectrally
analyzed using a computer to quantify the amount of DNA based on the amount of fluorescence
detected.
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The Prism 7700™ system is optimized for use of the fluorogenic 5’ exonuclease assay and requisite
reagents known as the TagMan™ product line. The fluorogenic probe is complementary to the
target sequence, and initially contains both reporter and quencher moieties. When the probe is not
bound to target DNA, its reporter and quencher dyes are in close proximity, and the reporter’s
fluorescent emission is quenched or inhibited. The probe is designed to anneal specifically between
the forward and reverse primers sites of the target sequence. The probe anneals to the target DNA if
it is present and during PCR the nuclease activity of Taq polymerase cleaves the reporter dye from
the probe. The reporter dye, now separated from the quencher dye, emits a fluorescent signal. The
fluorescent signal is emitted from the probe only after it binds to the target DNA and is cleaved
during the course of PCR.

The fluorescent signal increases with each cycle, if the target DNA is present, as more probes are
released with each additional copy of target DNA is synthesized. After the signal rises above
background level, the rate of signal increase is tracked during a number of linear cycles. QPCR
eventually reaches a plateau due to limited enzyme activity of the polymerase enzyme and the DNA
building blocks (nucleotides) present in the reaction mixture. Therefore, the calculations of DNA
are based on the linear area of the exponential curve before the QPCR reaches a plateau. The slope
data of the curve is then used to calculate the initial target DNA levels in the sample.

TAQMAN® - the Flurogenic Probe Detection System

Quantitative real-time PCR is based on detection of a 1 R Q

fluorescent signal produced proportionally during the - R ¥ .
amplification of a PCR product. The chemistry is the o .
key to the detection system. A probe (i.e., TagMan) is - —_—
designed to anneal to the target sequence between the

traditional forward and reverse primers. The probe is 2 R

labeled at the 5' end with a reporter fluorochrome " " L ¥ -
(usually 6-carboxyfluorescein [6-FAM]) and a quencher . _ -
fluorochrome (6-carboxy-tetramethyl-rhodamine -« ——
[TAMRAY]) added at any T position or at the 3' end. The N1/

probe is designed to have a higher T,, than the primers, 3 s T‘\_ o

and during the extension phase, the probe must be 100% > > i 7 s
hybridized for success of the assay. As long as both . ) s
fluorochromes are on the probe, the quencher molecule - 5
stops all fluorescence by the reporter. However, as Tag

polymerase extends the primer, the intrinsic 5' to 3' N A

nuclease activity of Taq degrades the probe, releasing 4 ) IN=Tdy

the reporter fluorochrome. The amount of fluorescence ; >
released during the amplification cycle is proportional to s ¥
the amount of product generated in each cycle. - >

FIGURE 1. Fluorogenic 5' nuclease chemistry. (1) Forward and reverse primers are extended with
Taq polymerase as in a traditional PCR reaction. A probe with two fluorescent dyes attached
anneals to the gene sequence between the two primers. (2) As the polymerase extends the primer,
the probe is displaced. (3) An inherent nuclease activity in the polymerase cleaves the reporter dye
(R) from the probe. (4) After release of the reporter dye from the quencher (Q), a fluorescent signal
1s generated.
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FIGURE 2. The Perkin-Elmer/Applied
Biosystems 7000 System. A compact fluorescent
thermocylcer designed for low to moderate
laboratory through put. The 7000 system utilizes
the same fluorogenic probe system as the 7700
model but is more compact, and contains a
tungsten-halogen light source rather than the laser
light source.

The 7000 comes with a laptop computer and
Primer Express™ software to optimize target
sequences. The software assists users in the
transition from primer sequences used for
standard PCR applications to the Tagman®, or
fluorogenic probe systems available for
Quantitative PCR.

Photo courtesy of Kathy Clemens, Idaho Fish Health Laboratory.

Another approach to QPCR is utilized in the LightCycler™ technology produced by Roche
Molecular Biochemicals. The LightCycler™ performs PCR in a small volume glass capillary tube
that is heated and cooled in an airstream. This technology allows for extremely rapid (as little as 10
second) cycle times allowing PCR experiments to be completed in less than 30 minutes.
Fluorescence is measured by moving a carousel carrying the capillary tubes past a detection station
consisting of one light-emitting diode and three photo detection diodes. Each diode measures a
different wavelength of light allowing the use of spectrally distinct fluorescent probes, or
multiplexing. The LightCycler supports two fluorescence-based methods for the detection of
amplified DNA: the general DNA stain SYBR Green or sequence-specific hybridization probe
pairs.

SYBR Green™ exhibits very little fluorescence when free in solution however emission is greatly
enhanced when it binds to double-stranded DNA. Prior to amplification, the reaction mixture
contains the denatured DNA, the primer and the dye. When the primers attach to the target DNA, a
few dye molecules can bind to the sequence of double stranded DNA. During elongation, the
copying of the DNA sequence, more and more dye molecules bind to the newly synthesized DNA
resulting in a dramatic increase in light emission.. During the next heating cycle when each DNA
strand is separating into single strands (denatured), the dye molecules are released and the
fluorescent signal falls. The reaction is monitored continuously and the increase in fluorescence is
measured for each cycle and the amount of DNA copied is calculated from this data.

With the hybridization probe format, two specially designed, sequence-specific primers are labeled
with fluorescent dye. One probe carries a fluorescein label and the other carries a different label
(usually LC Red 6340 or CL Red 705). The chemical nature of the hybridization probes
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prevents their extension: one probe contains fluorescein at the 3’ end; whereas 5’ labeled probe
contains a 3’ phosphate moiety. The sequences are designed so they orient to each other in a head-
to-tail manner so that the dyes are positioned in close proximity to the each other. The first dye
(fluorescein ) is excited by the LightCycler’s light emitting diode (LED) and emits green
fluorescent light at a slightly longer wavelength. When the two dyes are in close proximity, the
emitted energy excites the dye attached to the second hybridization probe, which subsequently
emits red fluorescent light at an even longer wavelength. The energy transfer, referred to as
fluorescence resonance energy transfer (FRET) occurs efficiently only when the dyes are in close
proximity . So in this type of assay, fluorescent intensity measurements are made after the annealing
steps. The increasing amount of emitted fluorescence is proportional to the increasing amount of
DNA generated during the linear phase on the ongoing PCR.

8 OPCR Report — Kimberly True- Aug 2002



Applications of QPCR in Fish Health Management

What are the advantages and benefits of using QPCR in the Fish Health
Laboratory ?

The first, and foremost advantage offered by QPCR is the extremely high level of sensitivity that
allows detection of fish pathogens at very low DNA copy numbers. Manufacturer specifications
claim a limit of detection of fifty copies of target DNA molecule and a linear dynamic range of five
orders of magnitude. Research reports suggest single copy detection is possible and that ten copy
detection is routine. This level of sensitivity allows the fish health biologist to detect pathogens
early in the infection process prior to the progression to a full blown disease state. Early detection
can prevent advanced disease and the associated long-term adverse impacts disease poses to overall
fish health and population survival. With this level of sensitivity it is also possible to monitor
pathogens in water supplies and natural environments that normally could not be detected with
conventional microbiological detection methods.

Secondly, QPCR offers an extremely efficient and rapid method to detect pathogens and diagnose
disease in the hatchery setting. Under normal fish culture conditions, fish health biologists are
notified of a fish health problem within a few days of health problem and tissue samples are
promptly collected for microbiological analysis. The laboratory time required to process and
positively identify a bacterial or viral infection is generally is 4-7 days. During this period, the
tissues are processed, assay results are interpreted and confirmation tests are completed. QPCR
would allow diagnosis of significant fish pathogens in 3-4 hours. Conventional testing methods
could still be employed to conduct further testing of the pathogen such as drug sensitivity in the
case of bacterial pathogens. However the ability to diagnose diseases within 3-4 hours would be
tremendous benefit to the hatchery program by allowing detection of significant fish pathogens in
the earliest stages of infection. Early treatments such as antibiotic or chemical therapies are much
more effective when initiated early in the disease process. Early treatment is very important in
effectively controlling certain fish diseases in the hatchery setting.

Equally important as the sensitivity and rapid diagnosis provided by QPCR is the capability to
quantify the number of organisms present in individual fish or populations. The amount of
pathogen DNA present correlates with the amount of specific bacterial, parasitic, or viral agents
present in the fish host. Therefore quantification of the pathogen DNA, and indirect quantification
of the pathogen itself would provide critical information to the fish health biologist. This capability
to monitor existing and newly emerging diseases with such sensitivity, as well as quantitatively, is a
major advancement in fish health management. With this ability, fish health programs could
improve their ability to monitor disease status and quantify infections and thereby more effectively
prevent the transmission of diseases within facilities or geographical regions.

In summary, extreme sensitivity, rapid diagnosis, and a better understanding of the biological
significance of pathogen infections in hatchery and natural fish populations can be achieved with
QPCR technology. This tool will assist in the prevention, control and eradication of significant fish
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pathogens in a variety of ways that are best illustrated by specific examples. The following section
lists applications in current fish health programs that could benefit species across the country
immediately. Future applications of QPCR and the potential of this technological advance in
natural resource management is discussed briefly as well.

Major Advantages of QPCR:

= Extreme Sensitivity — ability to detect early (sub-clinical) and carrier infections

= Rapid diagnostics — allows identification of pathogens in a single day.

* Quantification of pathogens — ability to discern biological significance of infection and
assess fish health risks with accuracy.

What are the Immediate Applications for the Fish Health Program ?

1. Detection and Management of Vertically Transmitted Diseases:
Vertical transmission is reported in the literature for several pathogens, however for
some pathogens such as IHNV there is still controversy about whether or not this
virus is truly passed via the ova to the progeny. QPCR would allow early testing of
progeny where traditional detection methods have lacked the sensitivity or
specificity to ascertain whether vertical transmission is occurring. Early detection
and on-going monitoring of certain pathogens such as IHNV and Cold Water
Disease (Flavobacterium psychrophilum) would greatly assist our ability to manage
these pathogens and gain a better understanding of disease transmission and
progression of disease in juvenile fish populations.

2. Early detection of pathogens in juvenile stocks:
Several significant pathogens do not develop disease, or clinical signs until a later
stage in the life history of salmonids. For example, Bacterial Kidney Disease may be
passed from adult to progeny, but often the disease does not present itself until the
juveniles are developed beyond the fingerling stage and approaching smolt status.
Because of the small size of the kidney in juvenile fish, the standard detection
method for BKD has been Fluorescent Antibody Technique (FAT), an insensitive
method that often will not detect infections until they are clinical. Even the more
sensitive ELISA assay is difficult to utilize for small fish because kidney tissues
from several fish have to be pooled into a single sample to have adequate tissue
quantities. Again, this approach lessens the sensitivity of the test, and does not
provide an accurate picture of population prevalence. With QPCR, minimal tissue is
required to conduct the assay. Therefore, juvenile fish can benefit from the extreme
sensitivity of this assay, our ability to conduct early monitoring in the hatchery
setting, and the more accurate prevalence data that could be generated when
individual fish versus pooled sample sets are examined. With QPCR, early detection
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and monitoring of juvenile fish will occur and allow more effective management of
diseases like BKD prior to their progression to clinical disease.

3. Non-Lethal Sampling for Threatened and Endangered Species
Traditionally, non-lethal sampling methods have lacked the sensitivity to be fully
utilized as screening tests for major fish pathogens. With the extreme sensitivity and
quantitative capability of QPCR, non-lethal sampling could be a feasible approach to
monitoring species that are too valuable to sacrifice for routine disease monitoring.
T&E species and captive broodstock populations would benefit from our ability to
discern disease status of a species or stock without negatively impacting large
numbers of these extremely valuable and limited populations.

4. Ability to Detect Pathogens in Water Supplies and Natural Environments
QPCR would allow testing of hatchery water supplies and natural environments for
the presence of fish pathogens in a sensitive and quantitative manner. Early
detection would allow preventative measures to be taken (i.e., prophylactic antibiotic
therapy) and help us learn more about the factors that contribute to water-born
pathogen infections (i.e., temperature, flows, water quality).

5. Quantitative Validation of Existing Collection Methodologies and Detection Assays
QPCR could be an essential tool in validating the sensitivity and specificity of
existing collection and screening methodologies. The FWS is actively working with
the American Fisheries Society (AFS) to draft new protocols for hatchery
inspections. The need to validate existing methodologies has already been identified
as an essential need and area of further research. QPCR is the ideal tool to utilize for
assay validation because of the extreme sensitivity and specificity of this tool, which
will allow us to accurately measure and compare other methodologies.

For example:

QPCR could help quantify pathogen DNA in fish infected with Myxobolus
cerebralis. Currently there is controversy over which tissue preparations (halved
heads or spores from digest) are optimum for further confirmation of specific
Myxobolid species present in the fish. Currently, tissues are processed and tested
differently, depending on life stage of the fish and the confirmation method that will
be used (histology and non-quantitative PCR). QPCR could determine the most
appropriate method for various life stages and tissue types and possible provide a
single approach for all life stages. Eventually, the QPCR assay itself could replace
all existing methods with a more sensitive, specific and most importantly
quantitative assay. This in turn would lead to better standardization among
laboratories in the various states testing for Whirling Disease. Once assay
comparisons were done, we would also have the ability to go back and compare
previous methods more directly and accurately.

QPCR would also be very beneficial in validating the Enzyme linked
Immunosorbent Assay (ELISA). While ELISA can be an effective tool for testing
large numbers of fish such as adult broodstock or hatchery stocks, the test measures a
protein that does not always directly correlate with active infection with the
causative bacterium Renibacterium salmoninarum. QPCR could correlate the protein
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values with actual infection levels (counts of bacterial cells) or eventually replace the
ELISA entirely as a more direct and accurate measure of Bacterial Kidney Disease in
fish populations.

6. Improved Quality Assurance / Quality Control
Another aspect of QPCR is the improvement in overall QA/QC in the laboratory.
Because standard PCR generates large quantities of specific DNA or RNA, there is a
major concern regarding the potential for laboratory contamination. In standard
PCR, DNA is produced in large quantities, can be easily spread by non-visible
aerosols and is difficult to disinfect with standard laboratory methods. DNA can
persist on specimen tubes and laboratory surfaces and can easily spread between test
samples and laboratory surfaces and equipment.

The most susceptible step in standard PCR process is during transfer of amplified
DNA or RNA from one tube to another, or during loading of electrophoretic gels.
With QPCR, all reactions occur within a closed tube or plate that is contained within
the fluorescent thermocycler. Electrophoretic gels are completed eliminated from
the assay. This greatly reduces the potential for laboratory contamination and cross-
contamination of samples that can result in false positives or inaccurate test results.

7. Efficacy Studies:
Fish populations are often treated with chemicals or antibiotics to eliminate parasites
or bacterial infections. Following treatment, pathogens may still be present but not
detected due to the low numbers of organisms remaining in the fish or water supply.
QPCR could quantify the number of pathogens remaining in individual fish and
assist in determining the true efficacy of the treatment. Using a quantitative
approach to treatments would help improve our understanding of the efficacy of
specific compounds, and allow us to determine the most effective route, dosage and
duration for treatments. QPCR could be very beneficial in assisting with drug or
chemical INAD submissions by demonstrating efficacy in a direct and quantitative
manner rather than relying on indirect measures such as cumulative mortality.

8. Provide scientific robustness to the National Wild Fish Health Survey
The NWFHS currently relies on standard detection methods that often result in
qualitative data only, in terms of presence or absence of fish pathogens in a
geographical area. QPCR would provide quantitative data to the Survey providing a
more meaningful measure of pathogen prevalence and distribution. More
importantly, QPCR would provide an accurate measure of the biological risks
associated with a specific pathogen based on the infection levels found in the fish
populations. This information is important to fishery resource managers who need to
be able to make a distinction between the presence of a pathogen and actual disease
in a fish population or geographical region.

9. Applied Research
QPCR could provide a highly precise method of quantifying bacteria, virus, or
parasites used in susceptibility studies by providing accurate challenge dosages and
measured responses in experimental fish. Accuracy in the challenge dose, and the
infective response of the test subjects is very important to understand the
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physiological effects of pathogens at various infection levels. Standard methods
require culture of the organism, and quantification by bacterial plate counts, dilution
titers and/or filtration methods that are all very labor intensive and less accurate due
to differences in sensitivity of each of these methods. QPCR could be used
immediately to more accurately derive challenge doses, and then confirm the actual
pathogen counts directly or validate the values obtained with the more traditional
methods. QPCR would also be far more accurate to evaluate the disease response in
challenged fish than existing methods. The quantization of disease or immune
response could also allow researchers to compare data between various studies
directly. The accurate and quantitative data analysis that is possible with QPCR is a
critical component of research aimed at understanding disease processes and the
factors that exacerbate or impede disease progression.

Specific Examples of Immediate Applications of QPCR for Fish Health Centers
REGION 1

California Nevada Fish Health Center
Rapid diagnostics for significant pathogens at Coleman NFH.
¢ Early monitoring and rapid diagnosis of IHNV and Flavobacterium
columnare, allowing immediate measures to be taken by hatchery staff and
the FHC to treat or control the spread of disease.

Broodstock management of the endangered Winter-run chinook at Livingston Stone NFH.

e Improved detection sensitivity and monitoring ability for Renibacterium
salmoninarum, IHNV and the Rosette Agent utilizing non-lethal sampling
methods (blood, mucous, intestine contents) from individually PIT tagged
animals.

e Ability to more effectively segregate family groups with low BKD disease
incidence and prevent horizontal transmission of pathogens during early
rearing (juveniles) and extended rearing (captive broodstock).

Temperature Studies on the Physiological Effects on Chinook and Steelhead
e Ability to expand current measures between treatment groups to include
physiological indicators of growth and stress (Growth Hormone, Insulin-like
Factor 1 and cortisol). These hormones could be monitored much more
rapidly and accurately with QPCR. Primers already exist for the several
physiological significant proteins and hormones.

Broodstock management of the threatened Lahontan cutthroat trout at Lahontan NFH.

e Increased sensitivity in screening natural fish populations prior to transferring
progeny to the hatchery and incorporating them into the captive broodstock
program.

e Ability to identify the sex of immature adults allowing better manage of
broodstock in holding facilities and during spawning operations.
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Idaho Fish Health Center
Broodstock management of the endangered Columbia River Spring Chinook at Dworshak
NFH.
e The Idaho Fish Health Center has acquired a QPCR system to monitor Columbia
River Spring Chinook for BKD. With very small numbers of returning adults, it was
deemed critical to determine the level of Renibacterium salmoninarum in the females
and isolate the eggs and progeny from fish with high bacterial infections.

Lower-Columbia River Fish Health Center
Management of Cold Water Disease (Flavobacterium psychrophilum) in Coho salmon
stocks.
e Coho salmon that are an integral component of the mitigation program for northwest

Tribes of the Columbia River such as the Yakima Tribe and the Nez Perce Tribe.
With QPCR, detection of Flavobacterium psychrophilum could occur early during
the incubation period or as feeding fry. Early antibiotic therapy could commence
prior to the progression of this bacterial disease, and assist in preventing the severity
of skin and muscle necrosis that impairs swimming, causes skeletal deformities and
increased mortality.

e QPCR could also be employed to gain a better understanding of vertical transmission
of Cold Water Disease from adults to young fry. Vertical transmission is suspected
for this pathogen, and with the sensitivity of QPCR this could be proven or refuted
once and for all. If vertical transmission occurs, eggs from positive females could
be segregated, as is currently done for Bacterial Kidney Disease. Uninfected progeny
could be reared separately, greatly reducing their risk of contracting the disease
during early rearing, or at least minimizing the infection levels.

Monitoring and control of Bacterial Kidney Disease in Columbia River stocks.

e QPCR could eventually replace the Enzyme-linked Immunosorbent Assay (ELISA)
which detects a soluble protein produced by Renibacterium salmoninarum (Rs)
bacteria. Unfortunately, the protein can persist for long periods of time when bacteria
are not present so this method is a direct measure of bacterial infection. Using
QPCR, researchers have shown a strong relationship between the presence of Rs
DNA in the fish host and the active transcription of mRNA. This indicates that when
Rs DNA is present, the bacteria are alive and metabolically active. This important
distinction gives a more accurate assessment of bacterial infections in the hatchery
setting and allows more effective management of the disease.

Olympia Fish Health Center
Management of Cold Water Disease (Flavobacterium psychrophilum) in Coho at Quilcene
NFH.

Current methods require culture and identification of the bacteria, which requires 3-5 days.
QPCR could detect the bacteria and quantify the infection level in adults and the progeny in
a single day. This information could be very valuable in evaluating prophylactic treatments
of adults prior to spawning, improving incubation rearing methods to prevent or minimize
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infections, and to segregate negative progeny to prevent horizontal transmission within the
hatchery setting.

REGION 2

Pinetop Fish Health Center
Improved management of threatened and endangered species such as Gila trout and the Colorado
River cyprinids (Colorado pikeminnow, humpback chub) and razorback sucker.
e Rapid and highly sensitive detection methods to detect and monitor significant fish
pathogens.

REGION 3

LaCrosse Fish Health Center
Several existing projects would benefit from the application of QPCR including:

e QPCR would benefit a joint project with the University of Wisconsin, Lacrosse to
determine the host-susceptibility of salmonids and coregonids (whitefish and chubs)
to the microsporidean parasite Heretosporis sp. (primer sequences are now available
for this newly detected parasite).

e Further development of monitoring program for Myxobolus cerebralis (Whirling
Disease) in T&E species, such as coaster brook trout.

e Rapid assay to measure stress response of lake trout to handling and loading during
stocking operations. Several hatcheries plan to employ fish pumps for loading lake
trout into distribution trucks. QPCR would help discern if this approach, as well as
other fish culture practices, lowers the stress induced during rearing and stocking
operations.

e Further development of non-lethal sampling methods for detection of viruses in
sturgeon and paddlefish.

e Valuable tool in species identification of juvenile freshwater mussels encountered in
the field and to determine the genetic diversity of cultured endangered mussels.

REGION 4

Warm Springs Fish Health Center
e Largemouth Bass Virus (LMBV) monitoring in the southeastern United States. Since 1995,
LMB virus has been found in lakes and impoundments in 17 states from Texas to the
Chesapeake Bay area. Fish kills attributable to LMBYV have been confirmed in more than
two dozen locations. The extreme sensitivity and speed with which QPCR can be performed
could greatly improve the monitoring and control program for this virus.

e Channel Catfish Virus — The increased sensitivity of QPCR would allow detection,
quantification, and improved management of this important virus for the aquaculture
industry. Currently the virus is difficult to detect due in the latent or carrier state, and is
usually only detectable following stress mediated events such as spawning or seasonal
changes in water quality.

e Swim Bladder Sarcoma Virus — QPCR could greatly benefit current research on SBSV and
further our understanding of this disease.
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Improve monitoring and control strategies for Bacterial Kidney Disease caused by
Renibacterium salmoninarum bacteria.

REGION §

Lamar Fish Health Center
Infectious salmon anemia (ISA) virus is an emerging viral pathogen of farmed Atlantic salmon.
The ISA disease was first reported in Norway in 1984, and has since been reported in New
Brunswick, Canada and in Maine in 2001. In addition to the direct impacts the disease may have
on Maine farmers, increased fish health regulations will affect the industry as well as current
plans for the conservation and protection of native stocks of Atlantic salmon in Maine. QPCR
will greatly assist in rapid diagnosis and subsequent containment of the ISAV in the
northeastern United States.

QPCR would provide quantification of virus to help elucidate the mechanisms involved with
transmission between farmed and wild fish, which is likely an important mechanism for
viral traffic through populations and geographical areas.

Currently blood samples are collected from a subsample of returning adults to screen for
ISAV. QPCR would allow thorough examination of entire populations by allowing rapid
and efficient testing of large populations of returning adults.

QPCR would assist in managing broodstock, which are often held for several months prior
to spawning in November and December. Knowledge about the disease status of adults
would allow holding negative adults in separate units and minimizing the risk of horizontal
transmission.

QPCR could help determine if vertical transmission is occurring by providing a sensitive,
rapid, and efficient technique to test returning adults, and the progeny following egg
disinfection.

QPCR can assist in detecting ISAV in RBT and Brown trout which are known to be carriers
with no clinical effects (Nylund et al. 1955a, Mylanund & Jakobsen 1995, Nylund et al.
1997).

In summary, QPCR would provide a highly sensitive and rapid diagnostic tool to effectively detect,
monitor and manage the ISA virus. Applying this technology in the area of a newly emerging
disease would provide the knowledge and time required to effectively minimize the spread of ISAV
and the adverse impacts it could have on Atlantic salmon stocks.

REGION 6

Bozeman Fish Health Center

Improved detection of Sturgeon Iridovirus. The extreme sensitivity of QPCR would permit
non-lethal detection of viruses in sturgeon populations.

Valuable tool for monitoring Myxobolus cerebralis positive stocks in Colorado. Whirling
Disease is managed by stocking positive fish into appropriate positive waters based on the
number of infection level (number of spores) in the hatchery stock. With QPCR, the
sensitivity of detection methods would be greatly increased and infection levels could be
more accurately quantified. QPCR also has the advantage of being able to detect the

16 OPCR Report — Kimberly True- Aug 2002



parasite at any of the developmental life stages. This allows detection of early infective life
stages of the parasite, prior to development of spore forms. QPCR would improve sensitivity
for all life stages of the parasite, improve stocking strategies for positive waters, and be far
more efficient in terms of time and labor required to manage those positive stocks.

e Restoration of grayling and management of captive broodstock is another area that would
benefit from QPCR. Currently, captive broodstocks are monitored for Renibacterium
salmoninarum by Membrane-filtration Fluorescent Antibody Technique (mfFAT). This
method is more sensitive than standard FAT but is very labor intensive as it involves
filtering ovarian fluid through a fine membrane, and then staining and quantifying the
bacteria microscopically. With QPCR, more sensitive and accurate information could be
obtained in a single day. With the increase in sensitivity and accuracy in quantifying
bacteria, much more information could be gained about BKD disease in graylings and allow
more personnel resources to be directed towards understanding the pathology of this disease.

Additional Applications of QPCR in Quality Assurance for the National Fish
Health Program

Quality Control / Quality Assurance Program.

e Standardized Assays - QPCR could provide great benefits to the national quality assurance
program for fish health centers. Applied Biosystems has expressed interest in creating
customized “Assay by Design” systems for testing of significant pathogens such as
Renibacterium salmoninarum (personal communication, Matt Powell). With the potential for
pre-made plates, and reagents (standardized probe concentrations) provided by the
manufacturer, the testing for BKD testing will reach new levels of quality control and
national standardization of detection methods. Primers currently exist for the following fish
pathogens:

o Infectious Hematopoietic Necrosis Virus (IHNV)

Myxobolus cerebralis

Myxobolus neurobius

Nanophyetus salmonis

Ceratomyxa shasta

Nucleospora salmonis

OO O O O O

¢ Quantitative Data for the NWFHS - QPCR would provide quantitative data reporting to the
National Wild Fish Health Survey Database for many significant fish pathogens.
Quantitative data permits resource managers to accurately evaluate the infection status of a
particular group of fish and/or in a particular geographical and draw direct comparisons from
distinct regions of the country. The high quality of data generated by QPCR lends scientific
credibility and leadership to the Service’s fish health program and the NWFHS.

17 OPCR Report — Kimberly True- Aug 2002



e Development of New Assays - Primer development software included with the QPCR
equipment allows fish health centers to develop additional assays to address areas of special
studies or pathogens of geographical important to their region.

e Advancement of our understanding of fish physiology - Several primers have already been
developed and tested to study fish physiology. Many major proteins and hormones can be
detected and quantified by QPCR. This assay will assist fish health centers in conducting
special studies in fish health and physiology (i.e., temperature studies, quality smolt
assessment, etc) and in monitoring species of concern (i.e., captive broodstock). QPCR is a
valuable tool that could advance our knowledge of general physiology, growth and
smoltification factors, normal and abnormal metabolic functions. To date, Ken Overturf has
developed the following primer sets related to fish physiology in rainbow trout (publications
are in press):

Tumor Necrosis Factor (TNF)
Hepicidin

Complement (CD-8, CF3)
IL-8

MX-1

Lysozyme

T-cell like receptor

Growth Hormone II (GH 1II)
Insulin-like Growth Factor II (ILGF-II)
Myosin

Pyruvate kinase

B-Actin Control
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Selected Publications that Illustrate Applicability of QPCR to Current Fish
Health Issues (See Bibliography Section also)

Quantitative PCR is currently being used by several researchers and fish health specialists
throughout the country. The following is a brief synopsis of peer reviewed publications that attest
to the validity and appropriateness of this assay for detecting and studying fish diseases.

Overturf, LaPatra, and Powell (2001) utilized QPCR for the rapid detection and quantification of
Infectious Hematopoietic Necrosis virus (IHNV). Utilizing primers and fluorescent labeled probes
generated for the specific identification of the virus’s nucleocapsid and glycoprotein genes, the
method rapidly confirms the presence of virus. In addition to viral detection, QPCR also measures
the absolute concentration of virus within a sample.

The study demonstrates the speed and specificity of QPCR which make it ideal for the rapid
detection of pathogenic organisms from tissue, water or other potential reservoirs of infection.

Ritchie, et al (2001) employed QPCR to detect infectious salmon anemia virus (ISAV) in Atlantic
salmon from Nova Scotia, Canada and demonstrated evidence for functional strain differences in
the virus isolates obtained from Europe and the United States. ISAV has become the most serious
disease of Atlantic salmon aquaculture resulting in over a 30 million dollar loss in Canadian dollars
to the industry according to the New Brunswick Department of Fisheries and Aquaculture.
Consequently, surveillance programs to monitor and control the spread of virus have been
established in both Canada and now the United States since the finding of the virus in Maine.

The standard method for detection of the virus is tissue culture on select salmon head kidney
(SHK) cell lines and immunological methods to confirm the virus once cultured. Because tissue
culture requires 28 days to complete a diagnosis, more accurate and rapid methods utilizing Reverse
Transcriptase (RT) PCR were quickly employed in the surveillance program. In this study, tissue
culture did not detect the virus, only additional testing with RT-PCR was able to demonstrate the
presence of ISAV in the stock. The study also examined strain variations of viral isolates from
different geographical areas, specifically from each side of the Atlantic Ocean. This study also
documented the first identification of ISAV in Atlantic salmon in Nova Scotia, Canada, and used
RT-PCR to demonstrate the genomic differences in strains from Norway, Scotland and Canada.

In this study, QPCR provided a much needed assay for a sensitive and robust diagnostic technique
that could take into account strain variation to provide effective monitoring to manage a newly
emerging virus.

Harms, et al (2000) utilized a competitive PCR technique to study an immunosuppressive cytokine
in white perch in the Chesapeake Bay and to compare this quantitative PCR to the traditional
immunological assay measuring macrophage bactericidal activity. In this fish health study, the
results indicated both temporal and spatial modulation of white perch immune function and
demonstrated the utility of quantitative PCR as a molecular biomarker for field assessment of
teleost fish immune status.

This study demonstrates the power of QPCR to measure various physiological parameters, in
additional to pathogen detection. Validation of existing techniques is another important application

of OPCR.
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Summary

Major Benefits of QPCR to the National Fish Health Program and Fish Health Management

Advantages of Quantitative PCR

= Extreme Sensitivity — ability to detect early (sub-clinical) and carrier infections

= Rapid diagnostics — detect specific pathogens in a single day.

= Quantification of pathogens — ability to discern biological significance of infection and
assess fish health risks with accuracy.

Immediate Benefits to the Fish Health Program

= Advance the scientific capabilities and leadership of the National Fish Health Program:
o Increased sensitivity and efficiency in detecting significant fish pathogens

Standardization of all FHC laboratories

Improved reporting (quantitative data) in the NWFHS Database

Capability to expand fish health role to many other aquatic organisms

Applied research and special studies — aid in understanding biological risks,

disease progression, and transmission in both hatchery and wild populations

Advance our knowledge in fish physiology and application of fish culture

techniques

o O O O

(@]

= Improved capabilities and efficiency and in managing pathogens and fish disease:

o Improved detection and control of newly emerging pathogens (ISAV, LMBV,
Spring Viremia of Carp)
Rapid identification of suspect pathogens in the hatchery monitoring program
Improved management of T&E species and implementation of recovery plans
Capability to test multiple pathogens in a single sample (multiplexing)
Ability to utilize non-lethal samples methods without decreases sensitivity
Ability to detect pathogens in water supplies and natural environments
Detection and control of vertically transmitted diseases from adults to progeny

O O O O O O

= Improved Quality Assurance/Quality Control of National Fish Health Program:

o Quantitative validation of existing collection methodologies and assays

o Potential for fully customized assays from manufacturer (standardization)

o Remove subjective interpretation of reading electrophoretic gels

o Decrease risk of laboratory contamination or cross-contamination of samples
(minimal handling of samples and omission of electrophoretic gels)
Data is read and stored electronically in computer program
Internal standards are used in QPCR to monitor assay performance (stringent
quality control built into system prevents false positive results)

o O
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Cost Analysis of Quantitative PCR versus Other Laboratory Assays Used to Detect Fish Pathogens

Group of Fish Pathogen: Screening Assay /
(Confirmation Method):
BACTERIA:
Y.ruckeri, A.salmonicida, CULTURE
Flavobacterium sp. FAT
PCR

Bacterial Kidney Disease (BKD)
Renibacterium salmoninarum ELISA
Rs-Nested PCR

VIRUSES:
IHNV, IPNV, VHSV, OMV PLAQUE ASSAY
DOT BLOT
SERUM NUET.
RT-PCR or Nested PCR
PARASITOLOGY:
Myxobolus cerebralis DIGEST (PTD)
Mc Nested PCR
ALL PATHOGEN GROUPS QUANTITATIVE PCR

Assay Assay Cost per Lot
Supplies* Labor* 60 Fish**
$282.00 $144.00 $426.00
$4.75 $54.00 $58.75
$77.25 $252.00 $329.25
$168.00 $324.00 $492.00
$77.25 $252.00 $329.25
$99.00 $144.00 $243.00
$7.50 $108.00 $115.50
$8.75 $144.00 $152.75
$74.65 $252.00 $326.65
$42.00 $216.00 $258.00
$77.25 $252.00 $329.25
$411.00 $126.00 $537.00

Sample
Number

60
5
5

60

60

Due to the extremely high sensitivity and specificity, QPCR meets the needs of both the screening and confirmation methods.

NOTE:

* Based on laboratory costs developed for the NWFHS and an average labor cost of $18.00 per hour;

Formulas include sample collection, but no travel.

**Lot equals 60 fish; Individual samples or 12,5-pool samples depending on assay performed;
subsets of S samples are used to determine confirmation testing costs.

Cost per Sample
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$7.10
$11.75
$65.85

$8.20
$65.85

$20.25
$23.10
$30.55
$65.33

$21.50
$65.85

$8.95



Summary of Laboratory Assay Costs Compared to QPCR

Combined Screening
Group of Fish Pathogen: & Costper | Costper | Cost Ranges PER LOT:

Confirmation

Method: Sample: Lot: (low) (high)
BACTERIA: CULTURE / FAT $18.85 $484.75

CULTURE / PCR §72.95 §755.25 $485.00 $755.00
Bacterial Kidney Disease (BKD) ELISA /PCR $74.05 $821.25 $821.00
VIRUSES: PLAQUE / DOTBLOT $43.35 $358.50

PLAQUE / Serum

Neut. $50.80 $395.75

PLAQUE / PCR $85.58 $569.65 $358.00 $569.00
PARASITOLOGY: PT DIGEST /PCR $87.35 $587.25 $588.00
ALL PATHOGEN GROUPS QUANTITATIVE PCR $8.95 $537.00 $537.00

22 OPCR Report — Kimberly True- Aug 2002




Comparison of Costs for Capitol Equipment from Major Manufacturers of QPCR Systems

Manufacturer: System: System Cost: Reagent Costs: Warranty:
STRATAGENE MX 4000® Multiplex $59,950 295.00 1 year
La Jolla, CA

ROCHE DIAGNOSTICS, Inc. LightCycler © $57,500 $220.00 1 year

Indianapolis, IN

APPLIED BIOSYSTEMS ABI Prism® 7000 $42,761 $380.00 1 year
Foster City, CA
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